Abstract: Pressure-induced structural transformations of the ammonia borane complex (NH 3 ÁBH 3 ) were investigated in diamond anvil cells by Raman spectroscopy and synchrotron IR spectroscopy up to 14 GPa at room temperature. Starting with a disordered tetragonal structure, NH3ÁBH3 is found to undergo several transformations upon compression as monitored by in situ Raman measurements. These transformations are indicated by the sequential changes of characteristic Raman modes as well as by the pressure dependence of these modes. Synchrotron IR absorption spectroscopy provided supplementary and consistent information about the structural evolution of NH3ÁBH3 under compression. Decompression measurements on NH3ÁBH3 suggest the pressure-induced transformations are reversible in the entire pressure region. The combined Raman and IR data allowed analysis of possible high-pressure structures of NH3ÁBH3. Our study significantly complements previous high-pressure Raman studies by providing new information on the structures and stabilities of NH3ÁBH3.
Introduction
The ammonia borane complex (NH 3 ÁBH 3 ) has received intensive investigation in recent years because of its promising potential as a hydrogen storage material. 1, 2 Ammonia borane is a chemical hydride with high gravimetric (19.6 wt% H) and volumetric (145 gH L -1 ) hydrogen density and low molecular mass (30.7 g mol -1 ). At room temperature and ambient pressure, NH 3 ÁBH 3 is a stable solid, neither flammable nor explosive. Heating NH 3 ÁBH 3 releases hydrogen at temperatures from 350 to 410 K to yield polyaminoborane (BH 2 NH 2 ) x . [3] [4] [5] The reaction is moderately exothermic (DH = -21 kJ mol -1 ). 6 Continued heating releases a second equivalent hydrogen at temperatures from 380 to 470 K, yielding polyiminoborene (BHNH) x and trace quantities of borazine (B 3 N 3 H 6 ). [6] [7] [8] [9] In addition to the hydrogen storage development, the molecular and electronic structures of ammonia borane are of fundamental interest. Although the ammonia borane complex is isoelectronic with gaseous ethane at ambient conditions, it contains a highly polarized dative N?B bond (m = 5.1 D) formed by the electron donor-acceptor pair. The N?B bond has a dissociation energy of~130 kJ mol -1 , 10 which is much stronger than a typical van der Waals interaction. In addition, this dative bond is much shorter (1.58 Å ) 11 in the molecular solid than in the gas phase (1.67 Å ). 12 As a result, ammonia borane forms a stable molecular solid under ambient conditions that is characterized by strong dipole-dipole interactions in the crystalline network. More significantly, this complex is known to contain ''dihydrogen'' bonding. A dihydrogen bond is an unconventional hydrogen bond with, for example, N-HÁÁÁH-B intermolecular interactions in NH 3 ÁBH 3 crystals, with 2.02 Å being the shortest H-H distance. 11 Typically, dihydrogen bonding is characterized by a short H-H contact distance (<2.2 Å ) and a strongly bent angle (i.e., the angle between N-H and H-B). The effects of dihydrogen bonding on the vibrational dynamics of the molecular crystal were recently demonstrated using incoherent inelastic neutron scattering. 13 These structural characteristics, including bond strength, bond length, and the directionality of dihydrogen bonding, critically determine the molecular and crystal symmetries and, therefore, the stabilities of NH 3 ÁBH 3 .
NH 3 ÁBH 3 crystal structures have been examined using Xray diffraction techniques. [14] [15] [16] At room temperature, NH 3 ÁBH 3 adopts a tetragonal structure with the space group I4mm (C 4v 9 ) and cell parameters a = b = 5.240 Å and c = 5.028 Å . [15] [16] [17] [18] Each unit cell contains two molecules occupying 2a Wyckoff sites with a C 3n molecular axis that coincides with the C 4n site symmetry (Fig. 1a) . [16] [17] [18] This molecular crystal undergoes a phase transition from an orientationally disordered tetragonal phase to an orthorhombic structure (Fig. 1b) when cooled to 225 K, resulting in a significant change in the lattice dynamics. However, the molecular structure of the NH 3 ÁBH 3 molecule is preserved. 19 This orthorhombic structure was shown to have the space group Pmn2 1 with two molecules per unit cell and the parameters a = 5.517 Å , b = 4.742 Å , and c = 5.020 Å . At this temperature the NH 3 and BH 3 groups are ''frozen'' such that an ordered structure with a staggered conformation is formed with coinciding N-B and c axes. The crystal structure reveals that the complex has C s symmetry only, although a recent low-temperature 2 H NMR study suggests that the symmetry of the molecule is very close to C 3v , and, therefore, it largely retains its symmetric gas-phase structure. 20 Furthermore, NH 3 ÁBH 3 has been studied extensively using vibrational spectroscopy under varying conditions. Early IR and Raman studies on ammonia borane and its isotopologues focused on the nature and behaviour of the B-N bond. [21] [22] [23] Subsequent studies investigated the vibrational frequencies of ammonia borane (and its isotopologues) using an argon matrix 21 and by performing computational work on free molecules. 24, 25 More recently, Hess et al. 19 have used Raman spectroscopy to study single-crystal ammonia borane complexes at temperatures as low as 88 K. In addition, ammonia borane has been studied under pressures as high as 4 GPa using Raman spectroscopy 22, 26 to investigate the pressure effects of dihydrogen bonds on the crystalline network. It is well known that the vibrational frequencies of molecular solids under pressure exhibit a blue shift because the corresponding chemical bonds stiffen as a result of the compression. In contrast, it has been well documented that, during compression, the stretching mode of A-H shifts to lower frequencies when A-H acts as the proton donor and forms an A-HÁÁÁA hydrogen bond, which subsequently weakens the A-H bond. By analogy, an N-HÁÁÁH-B dihydrogen bond is expected to form in the ammonia borane complex because of the short distance between the two hydrogens, where N-H acts as the proton donor and H-B acts as the proton acceptor. This dihydrogen bond model is confirmed by the observation of a red shift in the N-H stretch frequency and a blue shift in the B-H stretch frequency with increasing pressures. 22, 26 In addition, pressure-induced phase transitions were reported in both studies, but with different transition pressures and detailed spectroscopic features. 22, 26 Although ammonia borane has been studied extensively, more questions remain about the structures and properties of ammonia borane at higher pressure regions. For example, will ammonia borane form any other structures in addition to the observed tetragonal and orthorhombic phases? Will the continuous weakening of the N-H bond when compressed result in dissociation or other chemical transformations in which hydrogen is discharged? Addressing these questions, especially the possibility of hydrogen discharge and reverse processes with pressure variations, is of fundamental interest for developing this potential hydrogen storage material. Therefore, it is critical to investigate the stability, inter-and intra-molecular interactions, transformations, and reversibility of ammonia borane subjected to greater compression. Here we report the in situ high-pressure study of NH 3 ÁBH 3 by Raman and IR spectroscopy using synchrotron light sources up to 14 GPa using the diamond anvil cell (DAC) technique. 27 We note that this complex was recently studied under pressures as high as 20 GPa using Raman spectroscopy by Lin et al. 28 In this study, two new possible phase transitions were identified at 5 and 12 GPa. Although we observed some similar ammonia borane transitions, we also observed new pressure-induced structural transformations. To our knowledge, this is the first time that IR measurements, which provide sensitive and quantitative structural information, have been performed on this complex at high pressures in situ. In addition, we obtained the first high-quality spectroscopic data in the lattice region, especially in the far-IR spectral measurements. The combined spectroscopic techniques used allowed us to perform an indepth analysis on the high-pressure structures and stabilities of the complex. Compared with previous Raman studies, this study provides the most comprehensive understanding of the pressure behaviours and structures of NH 3 ÁBH 3 .
Experimental
Ammonia borane as a fine crystalline white powder with 97% purity was purchased from Sigma-Aldrich and used without further purification. The purity was checked by ambient-pressure Raman spectroscopy and all observed Raman modes were found to be associated with the complex without any unassignable modes that originated from impurities. A symmetrical DAC with two type-I diamonds each with a 400 mm culet was used for the high-pressure Raman meas- urements, while a pair of type II diamonds with a culet size of 300 mm was used for the IR measurements. A stainless steel gasket sample chamber was preindented to 70 mm thickness, and a 150 mm wide hole was drilled in the center. NH 3 ÁBH 3 was loaded in a MBraun LABmaster 130 glovebox equipped with a 20Â microscope on the front panel. A dry inert atmosphere of <20 ppm O 2 and H 2 O was maintained to accommodate the hygroscopicity of the material. The samples were loaded at room temperature with slightly elevated ambient pressures and then carefully pressurized incrementally. After each pressure change, the samples were allowed to equilibrate for a few minutes before subsequent spectroscopic measurements were taken. A few ruby (Cr 3+ doped a-Al 2 O 3 ) chips were used as a pressure calibrant and carefully placed inside the gasket chamber before the sample was loaded. The pressure was determined by using the R 1 ruby fluorescence line pressure shift with an accuracy of ±0.05 GPa under quasi-hydrostatic conditions. 29 For the entire pressure region, ruby fluorescence spectra obtained on different ruby chips across the sample chamber indicated no significant pressure gradient. The ruby spectral profiles suggested no obvious non-hydrostatic effects, particularly at the lower pressure regions (e.g., <10 GPa). Therefore, no pressure transmission media were used.
Raman experiments were carried out with a customized Raman microspectroscopy system constructed in our lab. A 488 nm line from an Innova Ar + laser (Coherent Inc.) was used as the excitation source. The laser was focused to <5 mm on the sample by an Olympus 20Â objective and a 15Â eyepiece and a digital camera allowed precise alignment of the focused laser beam. The Raman scattering signal was collected by the same objective lens with backscattering geometry. The Rayleigh scattering was removed by a pair of notch filters that enabled a spectral range >100 cm -1 to be measured before the total scattered photons were focused on the entrance slit of a spectrometer. The scattered light was then dispersed using an imaging spectrograph that housed a 0.5 m focal distance monochromator equipped with multiple gratings. A 1800 lines/mm grating with 0.1 cm -1 resolution was used. The Raman signal was recorded using an ultrasensitive, liquid nitrogen cooled, back-illuminated, chargecoupled device (CCD) detector from Acton. The system was calibrated using neon lines with an uncertainty of ±1 cm -1 . As a result of the strong diamond T 2g Raman mode at 1334 cm -1 , the spectra were collected in ranges of 50 to 1300 cm -1 and 1400 to 3500 cm -1 in several dispersive collection windows. These frequency ranges allowed all active ammonia borane Raman modes to be observed. The Raman signal was collected for 20 s for each window, and the average laser power on the sample was maintained at~30 mW. Pressure effects on ammonia borane were examined both in the compression and decompression directions. All experiments were conducted at room temperature at pressures of up to 13.5 GPa and reproduced several times.
Infrared experiments were performed at the U2A beamline at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL). The IR beam from the storage ring was extracted through a wedged diamond window from a source in a 40 Â 40 mrad solid angle and was collimated to a 3.8 cm diameter beam before entering a Bruker IFS 66V vacuum FTIR spectrometer in conjunction with three microscope systems. The spectrometer was equipped with a number of beam splitters and detectors including a silicon bolometer and MCT. For mid-IR measurements, the IR beam was focused onto the sample by a Bruker IR microscope and then the spectrum was collected in transmission mode by the MCT detector in the 600-4000 cm -1 spectral range. The far-IR spectra of NH 3 ÁBH 3 were collected using a customized IR microscope with high collection efficiency and recorded by the bolometer in the 100-600 cm -1 spectral region. A resolution of 4 cm -1 was used in all IR measurements. For IR measurements, a sample thickness of 35 mm was used to allow sufficient IR transmission measurements. For all measurements, mid-IR spectra were collected through a 30 Â 30 mm 2 aperture, whereas the effective IR transmission area covered the entire sample (i.e., a circle of~90 mm in diameter) for the far-IR measurements. The reference spectrum, i.e., the diamond anvil absorption at ambient pressure, was later divided as background from each sample spectrum to obtain the absorbance. IR spectra in the decompression sequence (iñ 2 GPa decrements) were also collected to investigate the reversibility of the pressure effect.
Results and discussion

Raman spectra of NH 3 ÁBH 3 during compression
Raman spectra of ammonia borane were collected from ambient pressures up to 13.5 GPa. Selected spectra are shown in Fig. 2 in four regions based on the molecular nature of the complex: the lattice region (50-600 cm -1 ), the B-N stretching, the BH 3 /NH 3 deformations and NBH rocking region (600-1650 cm -1 ), the B-H stretching region (2100-2700 cm -1 ), and the N-H stretching region (2750-3400 cm -1 ).
At ambient pressure and room temperature, NH 3 ÁBH 3 crystallizes into a tetragonal phase with space group I4mm with two NH 3 ÁBH 3 molecules per unit cell. [16] [17] [18] Using factor group analysis 19 , 12 distinct modes, including 11 internal modes plus one lattice librational mode, are predicted to be both Raman and IR active for the tetragonal phase of NH 3 ÁBH 3 . Initially, a Raman spectrum measured at room temperature and ambient pressure is depicted at the bottom of Figs. 2a-2d. As shown, all Raman active modes except one (i.e., B-N torsion mode n 6 ) are observed as predicted, in good agreement with previously reported Raman data. 19 Mode assignments are labeled in Fig. 2 and listed in Table 1 . Compared with those observed in Ar-matrix isolated molecules, the N-H stretching modes (n 7 and n 1 ) in our powder sample are significantly red-shifted by 67 and 84 cm -1 , respectively, as a result of the dihydrogen bond in the solid phase. The analogous B-H modes (n 8 and n 2 ) are blue-shifted by 39 and 60 cm -1 , respectively. The assignment of the B-N stretching mode, which was originally assigned to be 787 cm -1 in ether solution by Taylor and Cluff 21 , has long been disputed. Taylor and Cluff's assignment was confirmed by Sawodny and Goubeau 23 with a similar value of 776/790 cm -1 ( 11 B/ 10 B); however, it was reassigned by Smith et al. 30 to be 968/ 987 cm -1 ( 11 B/ 10 B) in argon matrices and by Jagielska et al. 31 to be 1005 cm -1 using an ab initio calculation. 31 In our research, we observed the B-N stretching mode (n 5 /n 5 ') at 783/798 cm -1 ( 11 B/ 10 B), consistent with the original assignment and some recent observations, 22, 26, 28 indicating that the structure and behaviour of NH 3 ÁBH 3 in argon matrices is closer to the gas phase than the solid phase. For peaks at 1067 and 728 cm -1 , the NBH rocking modes (n 11 and n 12 ) assignment of Hess et al. 19 was adopted, which are described as rocking motions involving planes of hydrogen atoms from both the NH 3 and BH 3 groups. Several previously observed but unassigned peaks, such as those at 3175 and 1447 cm -1 , for example, are also seen. 19, 22, 26 On the basis of limited polarized measurements, 19 the peak at 3175 cm -1 is assigned as polarized, whereas the peak at 1447 cm -1 is a depolarized mode.
Upon compression from ambient pressure to 1.8 GPa, a phase transition can be identified by the splitting of the modes with E symmetry, as well as the by the significant narrowing of the lattice mode (Fig. 2 ). For instance, the doubly degenerate modes n 7 (asymmetrical N-H stretching) at 3319 cm -1 and n 9 (NH 3 deformation) at 1595 cm -1 each split into two modes, i.e., n 7a /n 7b (3303 cm -1 /3312 cm -1 ) and n 9a /n 9b (1593 cm -1 /1602 cm -1 ). The phase transition is also apparent by the development of the lattice mode near 141 cm -1 at ambient pressure, which becomes more pronounced and finally evolves into two lattice modes at 174 and 220 cm -1 at 1.8 GPa. The sharp lattice modes strongly suggest a phase transition from the disordered tetragonal structure at ambient pressure to an ordered structure at 1.8 GPa. It is also noted that modes n 4 and v 10 , which are very close to each other at ambient pressure, become sharply resolved at 1.8 GPa, whereas the very weak NBH rocking mode n 11 (1067 cm -1 ) is greatly enhanced. In addition, a new peak appears at 2344 cm -1 , which was also observed but unassigned in some earlier studies. 19, 22, 26, 28 This unassigned mode is likely a depolarized band. 19 Upon further compression to 13.5 GPa, rich Raman features were observed to reveal the pressure-induced structural revolutions. As seen in Fig. 2a , the most prominent peak in the lattice in the whole pressure region is lattice mode 1, which appears at 174 cm -1 at 1.8 GPa. This mode becomes sharper and more intense as pressures increase to 5.5 GPa, at which point it noticeably broadens with decreasing intensity when compressed to 13.5 GPa. Lattice mode 2, although very weak at 1.8 GPa, is a characteristic mode of the new phase that is different than the disordered tetragonal structure and remains distinct as pressures increase to 13.5 GPa. The most prominent change in the lattice region is the observation of a third lattice mode at 245 cm -1 at 5.5 GPa, indicating a possible transformation of the crystal structure of NH 3 ÁBH 3 . In addition, a clearly developed mode at 140 cm -1 was also observed at this pressure. These new modes, together with lattice mode 2, become weaker with increasing pressure such that only lattice mode 1 remains the dominant mode at 13.5 GPa. We note that in previous Raman studies only two lattice modes were observed in all pressure regions, 28 which is in strong contrast to our results. It is likely that the missing mode at 140 cm -1 is associated with the detection limit achieved.
The internal modes in the spectral region 600-1650 cm -1 (Fig. 2b) , including the n 12 , n 11 , n 10 , and n 9 modes when compressed to 2.4 GPa, are characterized by further splitting of the doubly degenerate modes with E symmetry during compression. Upon further compression to 5.5 GPa, these modes exhibit the maximum splitting with the exception of n 7 , which merged into a singlet. Continuous compression from 5.5 to 8.5 GPa results in merging with a markedly reduced intensity for most of the modes. All modes are significantly broadened when compressed above 13.5 GPa. These observations are in general agreement with those of Lin et al., 28 except for the detailed profile of a few bands. For instance, the NH 3 deformation mode (n 9 ) at~1600 cm -1 that exhibits clear splitting up to 5.5 GPa shows a drastically different profile: no splitting was observed in the entire pressure region. 28 The splitting at n 5 mode is due to an isotopic effect rather than the removal of degeneracy. The 11 B and 10 B contributions to the B-N symmetric stretch (n 5 and n 5 ') are readily apparent up to 8.5 GPa. Both 11 B-N (n 5 ) and 10 B-N (n 5 ') stretching modes are sharp in the pressure region under 5.5 GPa, whereas n 5 ' is much weaker than n 5 because of the lower abundance of 10 B (19.9%). The frequency difference at 8.5 GPa is~19-21 cm -1 , which is larger than that observed under ambient conditions (i.e., 15 cm -1 ). However, this value is still in agreement with the frequency difference of 18 cm -1 reported by Custelcean and Dreger 22 and of 20 cm -1 observed by Lin et al. 28 The symmetric B-H stretching mode n 2 (A 1 ), one of the most intense Raman bands at ambient pressure, exhibits a pressure-induced blue shift and weakening (Fig. 2c) ; it becomes significantly broadened above 8.5 GPa. The doubly degenerate asymmetric B-H stretching mode n 8 readily splits when compressed to 2.4 GPa, exhibiting a strongly asymmetric doublet labeled as n 8a and n 8b . As pressures continue to increase, mode n 8a becomes most pronounced at 4.4 GPa and subsequently becomes much broader at higher pressures (e.g, 8.5 GPa) because of coalescence with n 8b and a nearby depolarized peak. 19 In contrast to the BH stretching modes, both the symmetric and asymmetric N-H stretching modes shift to red with increasing pressures (Fig. 2d) . The symmetric N-H stretching mode n 1 with A 1 symmetry, the most intense NH 3 ÁBH 3 Raman band in the en- tire pressure region, becomes much broader and weaker when compressed to 8.5 GPa. The asymmetric N-H stretching mode n 7 (E) that displays a doublet (n 7a and n 7b ) at 1.8 GPa becomes a convoluted mode on compression. Similar to the n 1 mode, this mode also broadens markedly beyond 8.5 GPa. Above 13.5 GPa, this mode is barely visible. These observations are consistent with those of Lin et al. 28 Pressure effects on Raman modes of NH 3 ÁBH 3 To confirm the possible phase transformations on compression, the pressure dependence (i.e., Raman shift versus pressure) of selected Raman modes are depicted in Fig. 3 . Calculated pressure coefficients (dn/dP (cm -1 GPa -1 )) for the monitored peaks obtained by linear regression of the experimental data are listed in Table 2 . Phase transitions are further indicated when sharp differences in pressure coefficients are observed. Compared with previous analysis, 28 more phase boundaries were identified in this study.
In general, most Raman modes exhibit pressure-induced blue shifts, consistent with the finding that the bonds stiffen upon compression. However, both the symmetric and asymmetric N-H stretching modes (n 7 and n 1 ) undergo red shifts with increasing pressures in all pressure regions (i.e., dn/ dP < 0), indicating the weakening of the N-H bond. This is believed to be a result of the lengthening of the N-H bond owing to the formation and strengthening of the dihydrogen bonding (N-HÁÁÁH-B) as pressures increase. In strong contrast, the stretching modes (n 8 and n 2 ) involving the B-H proton acceptor group in the dihydrogen bond exhibit large blue shifts with pressure. For example, dn 8 /dP has the largest pressure coefficients (16.1 and 10.3 cm -1 GPa -1 in the 2.4-5.5 and >10.4 GPa pressure regions, respectively) indicating the significant strengthening of B-H bonding with decreasing bond length. Because the N-H and B-H bond strengths become strongly disproportionate when compressed, and the B-N bond is strengthened (dn 5 /dP > 0), it is reasonable to speculate that at certain high pressures, the N-H bond may break and new materials may form.
As shown in Fig. 3 and Table 2 , the pressure dependences of the major Raman modes collectively indicate several distinct pressure regions at which NH 3 ÁBH 3 could exist as different phases. These pressure regions are 2.4-5.5, 5.5-8.5, 8.5-10.4, and >10.4 GPa, which we label as phases III, IV, V, and VI, respectively (phases I and II are the known room-temperature tetragonal phase and low-temperature orthorhombic phase, respectively). In general, the pressure coefficients of the stretching modes are noticeably larger for phase III than for phase IV, which are larger than those for Fig. 3 . Pressure dependences of the Raman shift of NH3ÁBH3 on compression for (a) the lattice modes, (b) the BH3 deformation (n10a, n10b, and n4) and NH3 deformation (n9a and n9b) modes, (c) the 11 B-N/ 10 B-N stretch (n5/n5') modes, (d) the NBH rock (n12a, n12b, n11a, n11b, and n11c) modes, and (e) the N-H stretch (n7a, n7b, and n1) and B-H stretch (n8a, n8b, and n2) modes. Different symbols denote Raman modes with different origins. The solid lines crossing the solid symbols are based on linear fit. The vertical dashed lines indicate the proposed phase boundaries.
phase V. The pressure coefficients of the rocking and deformation modes, however, do not exhibit consistent trends along phase transformations. Interestingly, the pressure coefficients of these modes seem to become larger again when compressed beyond 10.4 GPa. In summary, although the phase boundaries of 2.4 and 5.5 GPa observed in this study can be roughly aligned with those at 2 and 5 GPa noted previously, 28 new phase boundaries along with more highpressure phases are observed in the present study.
Raman spectra of NH 3 ÁBH 3 during decompression
The reversibility of pressure effects on molecular structures provides important information on transformation mechanisms. Therefore, upon compression of NH 3 ÁBH 3 to the highest pressure of 13.7 GPa, we conducted Raman measurements on decompression all the way down to a near ambient pressure. Selected spectra are depicted in Fig. 4 . In general, the change in the Raman profile is very gradual on decompression. At 13.7 GPa, one lattice mode and n 5 , n 4 , n 10 , n 9 , n 8 , n 1 , and n 7 modes resolve. Starting at 6.2 GPa, the n 2 mode at 2362 cm -1 recovers from decompression. Simultaneously, the n 1 and n 7 modes are completely deconvoluted. Further decompression to 4.0 GPa results in the development of n 5 ', n 511 , and n 9a,b modes. The onset pressure for the observation of n 12 and n 4 along decompression is 2.3 GPa. When the pressure is reduced to 0.8 GPa, the Raman profile is almost identical to that at 1.8 GPa on compression. These observations suggest that, although there is some hysteresis upon decompression characterized by ''delayed'' backtransformations, the pressure-induced phase transitions are reversible in the entire pressure range in this study. Figure 5a shows the mid-IR absorption spectrum of NH 3 ÁBH 3 measured at room temperature and at 1.5 GPa (the first pressure point on compression). According to a factor group analysis, 19 all spectral active modes of NH 3 ÁBH 3 are both IR and Raman active. Therefore, the fundamental IR modes can be assigned by comparing our IR spectrum with previous IR and Raman measurements as reported in Table 3 . In addition, vibrational frequencies observed from low-temperature inelastic neutron scattering (INS) measurements, which have no selection rules, are also listed to confirm the assignments in the spectra region below 1400 cm -1 . 25 In contrast to the Raman spectra, many more IR bands are observed as a result of overtones and (or) combinations of fundamental modes, which are labeled with asterisks in Fig. 5a . For instance, a new band is observed at 3479 cm -1 , which is very close to the combination of n 11 and n 3 as 2n 11 + n 3 , where n 11 = 1055 cm -1 and n 3 = 1362 cm -1 . Similarly, the bands at 2674, 2123, and 1483 cm -1 are likely to be overtones of n 3 (1362 cm -1 ), n 11 (1055 cm -1 ), and n 12 (751 cm -1 ) as 2n 3 , 2n 11 , and 2n 12 , respectively. The band at 1767 cm -1 is not coincident with any combination of internal modes, but it is likely a combination of lattice modes and internal modes. Although some modes could not be distinguished because of the saturated absorptions in regions 1050-1250 cm -1 and 3150-3400 cm -1 , all fundamental internal modes except a BH 3 deformation mode and an N-H stretching mode were observed, which is in agreement with previous Raman and IR data. [21] [22] [23] Figure 6a shows the IR absorption spectra of NH 3 ÁBH 3 when compressed to 13.7 GPa at room temperature. Compared with Raman measurements on compression, the pressure evolution of the NH 3 ÁBH 3 bands is very gradual and lacks distinctive profile changes, which is mainly associated with the extremely strong or even saturated absorptions in most of the spectral regions. In addition, the absorption is markedly enhanced as pressures increase such that the multiple bands in the spectral region of 1000-1600 cm -1 convolute to two broad bands at 13.7 GPa. As a result, it is difficult to visualize phase transitions from the IR spectra. The only discernable profile change occurs at 7.8 GPa as indicated by the broadening of the n 12 mode and by the enhanced intensity of the n 8 mode. However, the pressure dependences of the IR bands shown in Fig. 7 and Table 4 show roughly consistent pressure-induced phase transitions as established by our Raman measurements. Generally, most of the IR modes exhibit blue shifts with increasing pressure, consistent with the pressure-induced bond stiffening. For example, a pressure coefficient as large as 26.8 cm -1 GPa -1 is observed for the B-H stretching mode n 8 in the pressure region of 7.8-10.8 GPa. Although the N-H stretching modes cannot be monitored owing to strong absorption, the NH 3 deformation modes (n 9a , n 9b , and n 3 ) exhibit unambiguous red shifts, yielding consistent information obtained by Raman measurements interpreted as the weakening of N-H bonds with the formation of dihydrogen bonds.
Mid-IR spectra of NH 3 ÁBH 3
After compressing NH 3 ÁBH 3 to pressures as high as 13.7 GPa, we conducted IR measurements on decompression to near ambient pressures (e.g., 0.3 GPa). Selected spectra are depicted in Fig. 6b and compared with the compression data in Fig. 6a . Apparently, the decompression data provide more information because the absorption is markedly reduced as the sample thins out after the compression-decompression cycle. For instance, when the pressure is reduced to 8.9 GPa, the previously saturated n 4 and n 11 bands are resolved. Furthermore, IR bands n 1 and n 7 are clearly visible when decompressed to 2.9 GPa. Finally, as seen in Fig. 5b , all modes observed before compression at 1.5 GPa are recovered after decompression at 0.3 GPa. These observations indicate that the structural transformations upon compression are completely reversible in the entire pressure region, consistent with our Raman measurements.
Far-IR spectra of NH 3 ÁBH 3
Using the unique synchrotron far-IR setup dedicated to in situ high-pressure measurements, we obtained the first far-IR Fig. 4 . Selected Raman spectra of NH3ÁBH3 on decompression from 13.7 GPa all the way down to ambient pressure. The relative intensities are normalized and thus are directly comparable. The pressures in GPa are labeled for each spectrum. The spectra are offset vertically for clarity. NH 3 ÁBH 3 absorption spectra at 13.5 GPa. Similar to the mid-IR region, the lattice modes in the far-IR region at 100-600 cm -1 are overwhelmed by extremely strong absorptions that do not allow individual modes to be identified. Therefore, we performed a compression to 13.5 GPa stepwise (the IR spectra are not shown on compression) and then measured the IR absorption on decompression with selected spectra, shown in Fig. 8a . At the highest pressure, two lattice modes at 294 cm -1 (band 1) and 415 cm -1 (band 2) are clearly observed. Compared with the Raman lattice region (Figs. 2a and 3a) , band 1 is close to the Raman lattice mode 3 by extrapolation, whereas band 2 is a new lattice mode (IR active only). On decompression, both modes shift to lower frequencies. When decompressed to 3.5 GPa, band 1 displays enhanced absorption but subsequently diminishes into a shoulder peak when decompressed to 1.2 GPa. At this pressure, only one major band with a frequency of 210 cm -1 is observed, which is comparable with the Raman lattice mode 2 (219 cm -1 ) at 1.8 GPa, but with strongly contrasting intensities.
We plotted the frequencies of the IR active modes observed in the lattice region as a function of pressure on both compression and decompression (Fig. 8b) . Again, owing to strong absorption, NH 3 ÁBH 3 produces a broad, saturated band below 3.3 GPa upon compression. At this pressure, a clearly defined band evolved at 420 cm -1 (as band 3 in Fig. 8b ) and rapidly shifted to higher frequencies (dn/dP = 18.8 cm -1 GPa -1 ) as pressures increased to 9.5 GPa when the intensity diminished almost completely. Interestingly, this band is not observed in this pressure region upon decompression, but only displays barely visible intensities below 3.5 GPa. As seen in Fig. 8 , bands 1 and 2 could not be distinguished from the saturated bands until the sample was compressed to 8.5 GPa, at which point they remain resolved up to the highest pressure. Upon decompression, however, these two modes exhibit different pressure dependences (i.e., smaller pressure coefficients) than when compressed, indicating that back transformation is more sluggish owing to hysteresis. The pressure dependences of both these modes show a distinct change around 5.5 GPa, coinciding with one of the transition pressures established by our Raman measurements.
Discussion
In previous Raman studies of NH 3 ÁBH 3 in the low pressure range (i.e., <4 GPa), 22, 26 two solid-to-solid transitions at 0.5 and 1.4 GPa were found by Trudel and Gilson, 26 which is different from Custelcean and Dreger's study 22 in which only one phase transition was found (at 0.8 GPa). This discrepancy may result from the differences in the hydrostatic conditions used in the two studies. Both of our Raman and IR measurements are in general agreement with these two studies in terms of phase regions, i.e., the spectroscopic features observed below and above 2 GPa roughly align with those before and after the phase transitions observed below 1.5 GPa in both studies, except that we extend the previously observed second high-pressure phase from 4 to~5.8 GPa (we label this as phase III), which is in qualitative agreement with Lin et al.'s study. 28 Above this pressure, our Raman and IR measurements show two more phase transitions at 8.5 and 10.4 GPa, whereas the only transition observed in Lin et al.'s study was near 12 GPa. 28 In addition to the different boundaries, differences in Raman profiles, such as those in the lattice region, were also observed. One possible explanation is that our materials had a different purity and crystallinity: we used a reagent grade with a purity of 97% (purchased directly from Sigma-Aldrich), whereas Lin et al. 28 used synthetic laboratory and heat-treated samples with an unknown purity. In addition, as discussed in the following, the phase transitions are characterized by subtle changes in the unit cell without major, irreversible modifications. Such transitions are generally sensitive to compression conditions and therefore may be affected by additional factors such as kinetics. Nevertheless, our parallel measurements yielded reproducible and consistent results.
Then the remaining question is what are the possible structures of high-pressure phases of ammonia borane induced by compression and decompression. To our knowledge, no in situ high-pressure X-ray diffraction study of this complex has been reported. Therefore, these combined Raman and IR spectroscopic measurements, especially in the lattice region, provide important insight for understanding the high-pressure structures of the ammonia borane complex. Unfortunately, Hess et al.'s 19 recent low-temperature Raman study does not include lattice data, and lattice features were not analyzed in depth in any of the previous high-pressure Raman studies because of measurement limitations. 22, 26 For the phase below 2.4 GPa, the Raman measurement at 1.8 GPa (Fig. 2a) and IR measurement at 1.2 GPa (Fig. 8a ) in the present study clearly indicate that there are at least two lattice modes associated with this phase. It is known that high pressures and low temperatures often induce similar phase transitions for many materials that have normal P-T phase diagrams. Therefore, to assume that the low-pressure phase has the same or similar crystal structure as the lowtemperature orthorhombic phase is reasonable and can be examined for consistency by the observed spectroscopic features. Using factor group analysis, the orthorhombic structure (Pmn2 1 ) with two molecular units per unit cell has the following lattice modes 19 :
where G vib and G lib are the irreducible representations for lattice vibration (translation) and lattice liberation (rotation), respectively. Species A 2 is Raman active and A 1 , B 1 , and B 2 are both IR and Raman active. Thus, nine lattice modes are predicted with all Raman active modes and six are IR active. Apparently, the two lattice modes observed are only a subset of the predicted modes if the assumed crystal structure is correct. Because the notch filters used in our Raman system and far-IR setup at the synchrotron beamline do not allow unambiguous measurements below 100 cm -1 , it is possible that some additional lower frequency lattice modes were not detected. Nevertheless, the additional splitting features observed in the internal mode region, such as those for the n 11 , n 9 , and n 7 modes, strongly suggest the structure is orthorhombic rather than tetragonal.
The next high-pressure phase (phase III, 2.4-5.5 GPa) may have a structure very similar to the low-pressure orthorhombic phase. This is indicated by the similarity of the lattice profile both in the Raman and IR measurements as well as in the more prominent splittings observed for the n 12 , n 11 , n 8 , and n 9 modes. These observations strongly suggest enhanced intermolecular interactions as a result of compression as manifested by the largest pressure coefficient (Table 2) observed among all pressure regions. In addition, the bending deformation modes for BH 3 and NH 3 (i.e., n 10 and n 9 , respectively) at 2.4 GPa have a broad profile, indicating some degree of rotational disorder for NH 3 -BH 3 along its molecular axis at this pressure. Upon compression, both modes split into narrower doublet peaks that suggests that the free rotation of the BH 3 and NH 3 groups is likely hindered by pressure and thus the complex may undergo a rotational disorder-order process in this pressure region. We note that our observation is in contrast to that of Lin et al. 28 where the splitting of these modes is lacking in this pressure region.
From 5.5 to 8.5 GPa, the complex undergoes a more prominent structural modification. In this region, up to four Raman lattice modes and three IR lattice modes were observed. The Raman frequencies are 139, 201, 246, and 301 cm -1 at 5.5 GPa, whereas the IR frequencies observed at the same pressure are 241, 344, and 467 cm -1 . However, the IR bands at 241 and 344 cm -1 measured during decompression are known to exhibit higher frequencies than those measured on compression owing to hysteresis. Therefore, we linearly extrapolated the high-pressure frequencies of IR bands 1 and 2 ( Fig. 8b) to 5.5 GPa to obtain the corrected ''compression'' data (215 and 311cm -1 ). As a result, these two major IR bands are roughly aligned with the two major Raman bands at 201 and 301 cm -1 as observed in other pressure regions, suggesting the new modes are 139 and 246 cm -1 for Raman measurements and 467 cm -1 for IR measurements. Again, because the observed Raman and IR modes are generally a subset of the predicted ones, it is difficult to perform a full factor group analysis without crystal structures. However, these observations can temporarily rule out a significant change to the factor group of the NH 3 ÁBH 3 crystal lattice, especially changes to centrosymmetric groups such as D 2h for orthorhombic or C 2h for monoclinic systems. The observation of new lattice modes can be interpreted as enhanced correlation field interactions within the C 2v factor group or even lower symmetry groups, such as those for monoclinic systems. X-ray diffraction measurements are required to understand the detailed structures of this NH 3 ÁBH 3 phase.
Above 8.5 GPa, both the Raman and IR spectra are characterized by significant profile broadening in almost all spectral regions. Split Raman modes are merged into broad bands with significantly reduced intensity (e.g., n 11 , n 9 , and n 8 ), whereas the lattice modes measured both by Raman and IR spectroscopy become much weaker and broad. Above 10.4 GPa, the number of lattice modes in both Raman and IR measurements is reduced, whereas the remaining modes undergo continuing weakening and broadening. These observations suggest that the NH 3 ÁBH 3 complex is transforming from an ordered crystalline structure to a possibly disordered or ultimately amorphous structure when compressed to high enough pressures. The phase between 8.5 and 10.4 GPa can be considered as an intermediate phase for the disordering process, whereas the phase above 10.4 GPa is characterized by significant disordering. Although pressure gradients at high pressure may contribute to the profile broadening, our ruby fluorescence measurements across the sample suggest that the non-hydrostatic effect contributes only very insignificantly to this broadening.
In Lin et al.'s 28 analysis of the possible high-pressure structures based on the features of a few characteristic internal modes and the observation of two lattice modes, it is proposed that the crystal structure is unaltered in the entire pressure region. However, the additional lattice modes observed by our Raman and IR measurements clearly indicate that there is a possible pressure-induced formation of new crystal structures. They further speculate that the dimerization of ammonia borane complex may be associated with one of the high pressure phases. Again, if dimerization occurs, more internal modes with different vibrational frequencies are expected. In addition, dimerization implies that the number of the molecular unit Z halves per unit cell, which is contradictory to the observation that there was an increase in the number of lattice mode. In situ X-ray diffraction measurements are required to resolve the discrepancy between the structural interpretation of the two spectroscopic studies. Finally, it is clear that both the Raman and IR measurements show that the pressure-induced transformations of the NH 3 ÁBH 3 complex are reversible upon decompression. The almost identical spectroscopic details in both Raman and IR internal mode regions before and after compression indicate that the chemical structure of the complex is completely unaltered by pressure and thus NH 3 ÁBH 3 is stable (i.e., no hydrogen release) up to the highest pressure yielded in this study. However, the different profiles of the lattice modes from both Raman and IR measurements suggest that crystalline structures may have been modified by pressure, even if very slightly. In addition, hysteresis has been observed in most of the pressure regions upon decompression. Our observations agree with those of Custelcean and Dreger, 22 who also found all pressure-induced transformations were reversible at <4 GPa, but that there was some hysteresis. Hysteresis is typically considered to be a result of kineticsmediated transformations characterized by some barriers. To overcome the kinetic barrier, it would be interesting to investigate the pressure-induced transformations at elevated temperatures.
Conclusions
Using Raman and synchrotron IR spectroscopy, we investigated the pressure behaviour of the ammonia borane complex as a promising hydrogen storage material. In the low pressure region (<2 GPa), we discovered that the complex undergoes a structural transformation from a disordered tetragonal to an ordered, possibly orthorhombic, structure, consistent with previous Raman studies. Upon further compression, our Raman and IR measurements identified several solid-to-solid transformations with phase boundaries that roughly occurred at 2.4, 5.5, 8.5, and 10.4 GPa. These transformations are characterized by distinctive profiles and the pressure dependences of characteristic modes. Spectroscopic measurements on decompression suggest that these pressureinduced transformations are reversible within the intact chemical structure of the NH 3 ÁBH 3 complex, with possible modifications to the crystal structures. Analysis of combined Raman and IR measurements, especially the lattice features, suggests that NH 3 ÁBH 3 structures below 5.5 GPa resemble a low-pressure orthorhombic structure, whereas in the higher pressure regions, NH 3 ÁBH 3 complexes may undergo transformations to disordered or amorphous structures. Detailed high-pressure structural information needs to be confirmed by in situ X-ray diffraction measurements. 
